Introduction
============

The prevalence of obesity is increasing worldwide and a growing body of evidence shows that body fat distribution might add important information for predicting cardiovascular events above and beyond body-mass index (BMI) itself ([@B01]).

A seminal work published in the 1950s already reported that differences in the localization of adiposity between men and women are linked to their different cardiovascular profile ([@B02]). The study of fat tissue distribution and cardiovascular risk has gained more attention recently, and it has been hypothesized that specific fat depots could increase vascular damage ([@B03],[@B04]), through mediators that can influence glucose homeostasis and lipid metabolism, inflammation, and coagulation ([@B04]). Certain locations of fat accumulation have been linked to diverse cardiometabolic profiles ([@B05]), suggesting that regional fat distribution could play an important role in the development of cardiovascular diseases in both non-obese and obese people ([@B05],[@B06]). Recently, the Consensus Statement of the International Atherosclerosis Society ([@B07]) argued for the inclusion of waist circumference (WC) as a vital sign given that the prevalence of abdominal obesity is increasing and dysfunctional adipose tissue could be estimated more accurately by WC than BMI as shown in recent studies. Additionally, the consensus point out for the gap in knowledge with a recommendation for description of WC values for a given BMI category across different ages, by sex, as the limitations of BMI have been increasingly demonstrated in different populations especially in demonstrating changes in adiposity during aging ([@B08],[@B09]). Moreover, it is difficult to measure body fat mass directly, while WC and neck circumference (NC) are inexpensive and easily obtainable anthropometric measurements ([@B07],[@B10]).

Another study looked at one Brazilian population of the Baependi Heart Study in a cross-sectional analysis and showed that WC in men discriminated the hypertensives better than visceral and body adiposity indexes ([@B11]). Body fat distribution patterns vary, and the positive correlations between BMI and both NC and WC do not follow perfect linear associations, and despite being associated with higher cardiovascular risk in different populations ([@B12] [@B13]--[@B15]), factors as sex, age, physical activity, smoking habits, number of pregnancies, and genetic predisposition have also been linked to body fat distribution ([@B16]--[@B18])

Hingorjo et al. ([@B19]) studied 150 young university students in Pakistan and found that approximately 30% of NC variance in males and 50% of NC variance in females was not explained by BMI values. In addition, these discrepancies may vary in different populations, and in different time periods. Stern et al. ([@B20]) showed that the predicted WC according to BMI in Chinese men and women increased from 1993 to 2009. In the same country and time interval, Du et al. ([@B21]) reported that the prevalence of central obesity in adults with normal (\<25 kg/m^2^) BMI increased from 11.9 to 21.1% during 16 years.

This underlines the importance of studying the WC and NC values according to BMI in large epidemiologic studies, conducted within different populations. To date, there is no such study conducted in large samples. Therefore, our aim was to present the conditional distribution of WC and NC values according to BMI, stratified by age and sex, among mid-adult and elderly men and women participants at the baseline assessment of the Brazilian Longitudinal Study of Adult Health (ELSA-Brasil) study, a large multicenter cohort study in Brazil.

Material and Methods
====================

Study design
------------

ELSA-Brasil is a multicenter prospective cohort study ([@B22],[@B23]) that enrolled 15,105 civil servants aged 35 to 74 years from 6 Brazilian cities (Belo Horizonte, Porto Alegre, Rio de Janeiro, Salvador, São Paulo, and Vitória) ([@B24]). In this cross-sectional analysis, we used baseline data (2008--2010). Approvals were obtained from the institutional review boards of all the centers, and all the subjects signed an informed consent form.

Study sample
------------

From 15,105 ELSA-Brasil participants at baseline, we excluded 20 (0.1%) that did not have complete BMI, WC, or NC data. Our sample comprised 6,879 (45.6%) men and 8,206 (54.4%) women with complete data.

Study variables
---------------

Height and weight were measured using a standardized scale and a fixed stadiometer, and BMI was calculated by dividing body weight by the squared height in meters (kg/m^2^). WC was measured using an inelastic tape of 150 cm (Mabis-Gulick, USA) at the midpoint between the lowest rib margin and the iliac crest ([@B10]). NC was measured with an inelastic tape (mm) right under the thyroid cartilage and perpendicular to the long axis of the neck, with the participant in a sitting position. All measurements were performed by trained nurses. The intra-class correlation coefficient for repeated measurements was 0.98 (95%CI: 0.85--1.0) ([@B25]).

Age is presented as a continuous variable and also stratified as 35--44 years, 45--54 years, 55--64 years, and 65--74 years. Race was self-reported as White, Brown, Black, Asian, and Native. Educational level was stratified as up to incomplete high school, high-school, and college or above. Smoking status was self-reported as never, former, and current smoker. Monthly family income at baseline was converted from Brazilian reals (BRL\$) to US dollars (USD\$) at a rate USD\$1 = BRL\$2 and stratified as \<USD\$1,245, USD\$1245-3,319, and ≥USD\$3,320. Excessive alcohol drinking was defined as \>210 g/week for men and \>140 g/week for women. Blood pressure was obtained in the sitting position after a minimum rest period of 5 min. Three consecutive readings were obtained for each participant, after one-minute interval between each one. The mean of the two last measurements was defined as the casual blood pressure.

Laboratory measurements were obtained after an overnight fast. Fasting glucose was determined enzymatically by the hexokinase method. Total cholesterol, high-density cholesterol (HDL-cholesterol), low-density cholesterol (LDL-cholesterol), and triglycerides were determined by the enzymatic colorimetric method ([@B22],[@B24],[@B25]). Hypertension was defined as the use of medications to treat hypertension, systolic blood pressure ≥140 mmHg, or diastolic blood pressure ≥90 mmHg at baseline. Diabetes was defined by a medical history of diabetes, use of medications to treat diabetes, a fasting glucose ≥126 mg/dL, glycated hemoglobin (HbA1C) levels ≥6.5%, or a 2-h oral glucose tolerance test ≥200 mg/dL. Dyslipidemia was defined as use of lipid-lowering treatment or a LDL cholesterol level ≥130 mg/dL.

Statistical analysis
--------------------

Categorical variables are reported as absolute counts and proportions. Continuous variables are reported as means±SD or median (interquartile range). We used spline quantile regression models, stratified by sex and age, to estimate the conditional distribution of NC and WC according to BMI. These models were used to estimate the 25th, 50th, 75th, and 90th percentiles for NC and WC values, in the BMI range between 20 and 40 kg/m^2^. To test a putative association between age and median NC or WC values in men and women, we built sex-specific median regression models using both BMI and age as explanatory variables. Analyses were performed using the R software. Significance level was set at 0.05.

Results
=======

[Table 1](#t01){ref-type="table"} details the characteristics of the sample according to sex. The mean age was 52.1 years. Most of the participants self-reported being of White race (52.2%), having a college education (52.6%), and never having smoked (56.9%). [Table 2](#t02){ref-type="table"} shows the estimated 25th, 50th, 75th, and 90th percentiles for NC values (in cm), according to BMI, age strata, and sex. Predicted interquartile intervals (75th-25th percentile) for NC values varied from 1.6 to 3.8 cm (5.0 to 9.2% of predicted median values). Similarly, [Table 3](#t03){ref-type="table"} shows the predicted conditional distribution for WC values (in cm), also according to BMI, age strata, and sex. Predicted interquartile intervals for WC values varied from 5.1 to 10.3 cm (5.6 to 9.0%) of predicted median values). Graphical presentations of the results are available in [Figures 1](#f01){ref-type="fig"} and [2](#f02){ref-type="fig"}.

Table 1Characteristics of the study sample.Men(N=6879)Women(N=8206)All(N=15085)Age (years; mean±SD)52.2±9.352.0±8.952.1±9.135--44 years (N, %)1559 (22.7%)1779 (21.7%)3338 (22.1%)45--54 years (N, %)2681 (39.0%)3250 (39.6%)5931 (39.3%)55--64 years (N, %)1852 (26.9%)2374 (28.9%)4226 (28.0%)65--74 years (N, %)787 (11.4%)803 (9.8%)1590 (10.5%)RaceWhite (N, %)3596 (53.0%)4187 (51.6%)7783 (52.2%)Brown (N, %)2026 (29.9%)2171 (26.7%)4197 (28.2%)Black (N, %)939 (13.8%)1454 (17.9%)2393 (16.1%)Other (N, %)220 (3.2%)310 (3.8%)530 (3.6%)Educational levelIncomplete high school (N, %)1138 (16.5%)783 (9.5%)1921 (12.7%)High school (N, %)2268 (33.0%)2959 (36.1%)5227 (34.7%)College or above (N, %)3473 (50.5%)4464 (54.4%)7937 (52.6%)Monthly family income\<USD1245 (N, %)1808 (26.4%)2182 (26.7%)3990 (26.6%)USD1245-3319 (N, %)2848 (41.6%)3770 (46.2%)6618 (44.1%)≥USD3320 (N, %)2195 (32.0%)2216 (27.1%)4411 (29.4%)Hypertension (N, %)2756 (40.1%)2637 (32.2%)5393 (35.8%)Diabetes (N, %)1597 (23.2%)1363 (16.6%)2960 (19.6%)Dyslipidemia (N, %)4063 (59.2%)4702 (57.3%)8765 (58.2%)SmokingNever (N, %)3460 (50.3%)5117 (62.4%)8577 (56.9%)Past (N, %)2434 (35.4%)2096 (25.5%)4530 (30.0%)Current (N, %)984 (14.3%)993 (12.1%)1977 (13.1%)Excessive drinking (N, %)835 (12.2%)287 (3.5%)1122 (7.5%)Systolic blood pressure (mmHg; mean±SD)125.6±16.8117.7±16.9121.3±17.3Diastolic blood pressure (mmHg; mean±SD)78.9±10.874.0±10.276.2±10.8Body-mass index (kg/m^2^; mean±SD)27.0±4.327.1±5.127.0±4.7Neck circumference (cm; mean±SD)39.5±2.934.0±2.636.5±3.9Waist circumference (cm; mean±SD)95.3±11.787.8±12.691.2±12.8Fasting plasma glucose (mg/dL; mean±SD)116.6±34.1108.0±27.2111.9±30.8Total cholesterol (mg/dL; mean±SD)212.6±44.2216.5±41.2214.7±42.7LDL-cholesterol (mg/dL; mean±SD)130.8±35.9131.2±34.5131.0±35.1HDL-cholesterol (mg/dL; mean±SD)50.8±12.261.6±14.656.7±14.6Triglycerides (mg/dL; median \[P25-P75\])132.0 \[93.0-192.0\]103.0 \[75.0-144.0\]115.0 \[82.0-166.0\][^1]

Table 2Neck circumference predicted quantiles for sex, age, and body mass index (BMI).AgeBMIMenWomenP25P50P75P90P25P50P75P9035--44 years20.034.735.736.737.630.431.232.033.022.536.237.238.339.331.332.233.234.225.037.638.739.840.932.133.334.435.327.538.940.041.242.332.934.235.436.430.039.941.242.443.633.835.136.437.532.540.742.243.644.734.635.937.238.535.041.543.244.745.835.436.738.039.537.542.444.245.946.936.237.438.840.440.043.445.347.147.936.938.239.441.345--54 years20.034.735.636.537.630.231.232.032.922.536.037.138.139.031.332.333.234.325.037.538.639.740.732.333.334.435.527.538.840.041.342.433.234.335.536.630.040.041.242.744.034.035.336.537.832.541.042.343.945.334.836.237.438.935.041.943.245.046.535.437.038.339.937.542.744.146.047.636.037.739.040.940.043.444.946.948.536.538.339.741.755--64 years20.034.635.536.437.330.331.132.033.122.536.037.138.039.231.432.333.434.325.037.438.639.640.832.333.334.535.527.538.739.941.242.433.034.235.536.630.039.941.242.743.933.835.136.537.832.540.942.444.245.334.535.937.439.035.041.843.545.446.635.236.638.340.137.542.544.446.347.635.737.339.141.140.043.045.046.848.336.337.939.841.965--74 years20.034.535.636.938.030.031.131.933.022.535.736.837.938.931.232.333.334.525.037.138.239.440.432.433.534.635.827.538.539.840.942.133.334.435.836.930.039.741.242.443.634.035.236.637.932.540.942.543.745.034.435.837.338.835.041.943.644.946.134.836.437.839.837.542.644.445.847.035.437.038.541.040.043.245.046.447.536.237.639.442.4

Table 3Waist circumference predicted quantiles for sex, age, and body mass index (BMI).AgeBMIMenWomenP25P50P75P90P25P50P75P9035--44 years20.072.475.077.881.367.370.473.375.922.579.381.884.787.772.975.979.082.325.085.988.791.594.378.581.584.888.027.592.395.498.3100.984.087.290.593.830.098.3101.6104.9107.489.292.796.399.832.5104.0107.5111.2113.894.398.2101.9105.935.0109.4113.0117.3119.999.1103.4107.3111.737.5114.4118.0122.8125.6103.6108.5112.4117.240.0118.9122.6127.9130.8107.8113.3117.1122.245--54 years20.074.176.479.582.268.871.273.976.822.580.883.286.388.974.277.180.382.925.087.290.093.195.979.682.986.389.027.593.396.599.7102.785.088.692.295.230.099.2102.5105.9109.190.494.298.1101.532.5104.8108.3111.8115.295.699.7103.9107.835.0110.1113.8117.6121.2100.5105.0109.5113.837.5115.2119.1123.4127.0105.1109.9114.7119.340.0120.1124.3129.3132.8109.2114.6119.5124.355--64 years20.074.977.780.582.868.370.974.377.422.582.085.188.091.074.677.881.384.325.088.891.994.898.080.684.187.690.627.595.098.2101.3104.586.490.093.596.830.0100.7104.3107.7110.991.995.799.6103.132.5106.0110.0114.0117.197.2101.2105.6109.535.0111.2115.7120.0123.2102.2106.3111.4115.737.5116.4121.2125.7129.1107.1111.2116.9121.840.0121.9126.8131.2134.8111.6115.9121.9127.765--74 years20.076.179.483.186.168.772.175.177.622.583.586.289.592.675.578.982.185.125.090.393.096.299.082.085.489.092.227.596.899.7102.9105.588.191.895.699.130.0102.9106.1109.4112.093.897.8101.6105.532.5108.5112.2115.4118.399.2103.6107.1111.635.0113.6117.5120.6124.0104.2108.9112.2117.137.5117.8122.0124.9128.8108.9113.7117.1122.140.0121.1125.4128.1132.5113.3117.8121.8126.6

![Predicted 25th, 50th, 75th, and 90th percentiles for waist circumference (WC) values according to age, body mass index, and sex.](1414-431X-bjmbr-53-10-e9815-gf001){#f01}

![Predicted 25th, 50th, 75th, and 90th percentiles for neck circumference (NC) values according to age, body mass index, and sex.](1414-431X-bjmbr-53-10-e9815-gf002){#f02}

We built sex-specific median regression models using both BMI and age as explanatory variables to test if median NC or WC were associated with age in men and women. We found median NC was not associated with age in men (P=0.11) nor women (P=0.79). However, median WC increased with advancing age in both sexes (P\<0.001 for both). [Figure 3](#f03){ref-type="fig"} shows predicted median WC and NC values for men and women with BMIs of 25.0, 27.5, and 30.0 kg/m^2^.

![Median waist (WC) and neck circumference (NC) values according to age strata, for men and women with body mass index of 25.0, 27.5, and 30.0 kg/m^2^. Data are reported as means.](1414-431X-bjmbr-53-10-e9815-gf003){#f03}

Discussion
==========

We presented the conditional distribution of WC and NC values, according to age, sex, and BMI values in a large sample of Brazilian adults. There was a significant variance in WC and NC values for a given BMI and age strata for both men and women. In addition, we found that WC, but not NC values, were associated with increasing age. Some mechanisms have been proposed to explain different fat tissue distribution within individuals with the same BMI, such as dysfunctional adipose tissue, sedentary lifestyle, or both ([@B26]). As mentioned above, local body fat mass and its clinical markers, as NC and WC, are associated with multiple phenotypes of higher cardiovascular risk. The association between these phenotypes and NC or WC cannot be explained exclusively by higher BMIs. Evidence from the Framingham Study shows that body fat distribution and fat depots could be better predictors of cardiovascular diseases (CVD) than BMI ([@B27]). Population data from the European Prospective Investigation into Cancer and Nutrition of the Norfolk cohort showed that WC and waist-to-hip ratio were more consistent predictors of coronary heart disease than BMI ([@B01]). The results of the Framingham Heart Study showed that NC was associated with CVD risk factors after adjustment for BMI ([@B06]). In addition, for specific scenarios, the association between these anthropometric measurements and cardiovascular risk may be heterogeneous, or even additive. In a comparison of the clinical usefulness of NC and WC in individuals with severe obesity (mean BMI 36.9; mean age 49 years), NC values had stronger associations with type 2 diabetes, insulin resistance, metabolic syndrome, and hypertension compared to WC values ([@B28]). In the ELSA-Brasil, NC was significantly associated with cardio-metabolic risk factors as insulin resistance, hypertriglyceridemia, and higher blood pressure after adjustment for WC and BMI ([@B14],[@B15]).

The study of body fat distribution patterns in subjects with similar BMI may be important for both identifying individuals at a higher cardiovascular risk (compared to peers with the same BMI) and understanding the factors that lead to unfavorable fat distribution profiles. There is evidence that WC values are increasing more than expected for the increase in BMI values in recent decades in different populations. Stern et al. ([@B20]) analyzed data from 6,159 Chinese men and women aged 20 to 59 years in 1993 and 6,644 Chinese men and women with the same age range in 2009. They found that for every age strata and in both sexes, predicted WC for individuals with a BMI of 25 or 28 kg/m^2^ were higher in 2009 than in 1993. Janssen et al. ([@B29]) compared data from 15,688 subjects aged 7 to 69 years in 1981 to 4,987 individuals, also aged 7 to 69 years, who were evaluated in 2007--2009 in Canada. They found that for individuals with a BMI of 25 kg/m^2^, the predicted WC values in 2007--2009 were 1 to 5 cm higher than in 1981. In addition, each 1 kg/m^2^ increase in BMI value was associated with higher WC increases in 2007--2009 compared to 1981. Walls et al ([@B30]) compared NHANES data from 1988--1994 (15,349 participants) and 2005--2006 (4,176 participants) and found that WC values in American adults younger than 50 years of age (but not in older individuals) increased 0.9 cm more than expected for the rise in BMI values during this period. Another study with aggregated data from three cross-sectional surveys taken in 1989, 1999--2000, and 2011--2012 (n=8313, 5903, and 3904, respectively) looked at WC change in Australians and found an independent increase of WC, showing that the proportion of obese people detected by WC increased 10% for women and 6% for men ([@B09]).

On the other hand, Elobeid et al. ([@B31]) analyzed a different time-frame in the United States (1954--2004), and did not find a slope for the relationship between WC and BMI over time significantly different from zero. The relationship between NC and BMI is less studied and, to our knowledge, there are no large epidemiological studies describing the conditional distribution of NC values according to BMI and age strata. Our results highlight the importance of such descriptions, as we found that the relationship between BMI and NC values was influenced less by age strata than the relationship between BMI and WC values. Future longitudinal analysis of ELSA-Brasil data will provide important information about the clinical relevance of this finding.

A study by Stern et al. ([@B20]) shows predicted WC values for Chinese adults with a BMI of 25 kg/m^2^ and for those with a BMI of 28 kg/m^2^. We compared their 2009 data (which matches the inclusion period for ELSA-Brasil) to our predicted median WC values for men and women with the same BMI values. We found slightly higher predicted WC values for men and lower predicted WC values for women in ELSA-Brasil compared to the Chinese population. In all cases, estimates did not differ by more than 3 cm. Some differences between these two studies may be partially accountable for this finding. First, Stern et al. ([@B20]) used linear regression (which is a least square model for mean values) and in our study we used quantile regression (which is a linear mathematical optimization technique for estimating quantile values, including the median). Although we aimed to compare similar age strata, it is possible that heterogeneity in age stratification cutoffs may also have yielded different estimates, as both studies point to higher WC values according to BMI with increasing age.

Our study had some limitations. As it is a descriptive study with cross-sectional design, causal inferences were not focused. Although inexpensive, both WC and NC may be prone to measurement errors, and NC values may also be influenced by neck muscular volume. Therefore, measurements in other samples should be studied before using these values as a screening tool. As strengths, our study described the distribution of two anthropometric measurements in a very large multicenter epidemiologic study in Brazil. The conditional distribution of these values, according to BMI, may be used as markers of body fat distribution in future prospective ELSA-Brasil analyses. To our knowledge, analyses of large samples focusing on NC values distributions, conditioned to BMI and age, were not previously published. Although it must be confirmed by prospective data, the smaller influence of advancing age on the association between BMI and NC (compared to WC) values may be useful to help understand distribution of body fat in longitudinal studies. We believe our study contributes to fill the gap of evidence mentioned in the recent statement of the International Atherosclerosis Society ([@B07]), in terms of providing a description of two adiposity measures by different BMI, age, and sex. Moreover, our study adds to the previous body of evidence on the change of waist ([@B09],[@B17]) and neck circumferences according to BMI, age, and sex as an easy and reproducible tool to identify adverse fat depots phenotypes.

In this study, we estimated sex- and age-specific quantile values for NC and WC according to BMI. There was significant dispersion in WC and NC values for a given BMI and age strata for both men and women. WC, but not NC values, were associated with increasing age.
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[^1]: LDL: low-density cholesterol; HDL: high-density cholesterol.
